Introduction
Substorms have been recognised as an important mechanism for transferring and dissipating the magnetospheric excess energy to the ionosphere and regions close to the Earth. They have been intensively studied during the past years and decades, mainly in terms of event studies. The ideal case of a single substorm during a magnetically quiet period as a starting point, effort has also been put into understanding substorms during magnetic storms. This more complex scenario during large-scale disturbances has not yet been fully characterised.
The typical length of the substorm event is about 2-4 h. It includes at least one growth, expansion and recovery phase (e.g. McPherron, 1970 McPherron, , 1979 , whose durations vary from the short expansion of 15-20 min, to a lengthy growth or recovery of a few hours (e.g. Kallio et al., 2000; Tanskanen, 2009; Gjerloev et al., 2007) . Similarly, durations of 1.3-2.3 h for the combination of expansion and recovery phases were found by Kullen and Karlsson (2004) in a survey of global auroral images from the Polar spacecraft. The growth phase cannot be reliably determined from the global images, so it was excluded in their study. The average duration of substorms observed in 1993-2003 by Tanskanen (2009) is about 3 h, while the full range of the yearly averages varied from 2.8 to 3.3 h. Tanskanen (2009) defined the onsets from the decrease of a local electrojet (IL) index (Kallio et al., 2000) . The decrease was required to be at least 100 nT and the rate of decrease was more than 80 nT in 15 min. The start of the substorm growth was defined as the time when the IL index showed the first signs of a negative bay, but not more than 30 min before the onset time. The substorm was concluded to be over when the IL index had recovered 80 % of its peak deflection. In 1997, the average substorm duration was 15-20 min shorter than the mean value of 3 h for all 11 years. The length of the substorm period also increased slightly towards the year 2003. The average substorm duration in 2003 represents the average duration of substorms during active years after the solar maximum.
The repetitive substorms are often related to magnetic storms. A typical cadence of 2-3 h has been reported as the substorm recurrence rate (e.g. Borovsky et al., 1993; Pulkkinen et al., 2007) . Magnetic storms are longer term geomagnetic activity periods for which the Dst index reaches a minimum of at least −40 nT (Kallio et al., 2000) . An early storm model by Gonzalez et al. (1994) examines the ring current enhancement, as measured by the Dst index, with a superposition of a number of substorm disturbances. This simple formulation results in a conclusion that, apart from the most intense and frequent substorms taking place during storm main phases (the interval of the largest decrease of the Dst index), there are no apparent differences between quiet time and storm-time substorms. Similar conclusions were later brought up by e.g. McPherron and Hsu (2002) . The storm initial phase is often believed to start with a solar wind trigger, which for intense storms tends to be an interplanetary shock front. The storm main phase is typically accompanied by sustained southward interplanetary magnetic field (IMF). The storm recovery phase lasts until the magnetosphere has returned to nominal conditions and most of the excess energy delivered by the solar wind has been dissipated.
A recent case study of substorms during different storm phases suggested that the substorms prior to the storm main phase behave as isolated substorms, while the storm main phase substorms show an extremely intense nature due to the enormous amount of energy provided by the solar wind. The most peculiar substorm characteristics were found during the recovery phase of the magnetic storm, where the substorm activity was long-lasting but moderate in intensity. These findings are based on a case study of a weak magnetic storm. Therefore, there is a need for a statistical study of substorms during magnetic storms to resolve the average behaviour of storm-time substorms in addition to single event samples. The statistical approach requires an automatic identification of substorms, magnetic storms and their phases. An automatic substorm identification was recently published by Juusola et al. (2011) . They used a simple routine to automatically determine substorm phases in the auroral electrojet (AE) index data. We adopt their definitions and routines for finding substorm phases and follow similar logic for searching magnetic storms and storm phases in the Dst index data. 
Event identification

Substorm phases
According to Juusola et al. (2011) , we use the solar wind IMF data from OMNI Web, and the AE index data, in particular the lower (AL) envelope curve, for a time period of 15 years in 1995-2009 for identifying substorm events and their growth, expansion and recovery phases. The search criteria are:
1. Growth phase: from IMF B z southward turn until the substorm onset; 2. Substorm onset: abrupt decrease of AL, dAL/dt < −4 nT min −1 , with a minimum AL value less than −50 nT; 3. Expansion phase: from the substorm onset until the local AL index minimum;
4. Recovery phase: from the AL index minimum until AL has reached −50 nT or a new onset.
The minimum AL value of −50 nT is the median of all negative AL values over the full set of data. With these criteria, the 15-year period included 15 568 growth, 54 519 expansion and 53 551 recovery phases. This sums up to the total durations of 524 days (1.4 years) of growth phase, 896 days (2.5 years) of expansion and 1787 days (5 years) of substorm recovery phase. More detailed description of the phase recognition algorithm and the trimming of the phases into continuous periods can be found in Juusola et al. (2011) . Figure 1 illustrates how substorm phases are seen in the AL index on 3 January 1995. Phases identified by the routine described above have been shaded in light green, pink and light blue Similarly to the substorm phase trimming described by Juusola et al. (2011) , the shortest storm phases have been removed and overlapping phases given the following priority:
(1) main phase, (2) recovery phase and (3) initial phase. The minimum required Dst value of −15 nT is the median of all negative Dst values over the full length of data. With these criteria, the whole Dst data set consists of 480 initial, 1911 main and 1862 storm recovery phases, whose total durations are 492 days (1.3 years) of initial, 450 days (1.2 years) of main and 1654 days (4.5 years) of storm recovery. The logic of the storm phase identification closely follows that of the substorm phase identification. An example storm as Dst index evolution is plotted in Fig. 2 . The automatically identified storm phases have been marked by light green, pink and light blue shading for initial, main and recovery phase, respectively. White sections correspond to non-storm times.
We use Dst index rather than the pressure-corrected Dst index (Gonzalez et al., 1989) for easier availability. The solar wind pressure correction has the largest effect on Dst during intense storms, during which the Dst index minimises below −100 nT. These events comprise only about 1 % of the storms identified by our search routine.
Results
Median values of the entire data set
For most of the analysis in this study, the phases of substorms and magnetic storms are examined separately without grouping phases into substorm or storm events. The median durations of the substorm phases were 31 min for the growth, 12 min for the expansion and 31 min for the recovery, but their modes were much shorter: 14 min for the growth, 14 min for the expansion, and 10 min for the recovery. The median values are comparable with the previous substorm studies. The median values of the magnetic activity indices for each substorm phase are given in Table 1 . The table values clearly show that typically, the expansion and recovery phase are identical in intensity but the expansion phase is much shorter in duration. Due to the skew of the phase duration distribution, the last row of Table 1 shows the mean values of the substorm phase lifetimes. Similarly, we present the median index values and durations for all of the storm phases in Table 2 . For storm phases, the differences between the main and the recovery phases are larger than the differences between the substorm expansion and recovery. This is a consequence of the larger difference of storm phase lifetimes as compared to the substorm phase lifetimes. With the longer lifetimes of storm recovery phases, a different distribution of index values becomes more likely. The positive Dst value during the storm initial phase reflects the selection criterion. Similarly to the storm phase index value, the last row of the substorm phases to give the reader an idea of the asymmetry of the lifetime distributions. 
Solar cycle dependence of storm and substorm phases
Storm initial phase substorms
The median values for substorm phases during storm initial phase are listed in Table 3 within and partly outside the storm initial phases have been excluded for clarity.
Storm main phase substorms
Storm main phase substorm properties in Table 4 clearly describe the most intense set of substorms. All index values for substorm expansion and recovery phases are approximately double compared to those of the full event set. Substorm growth phases and the quiet time periods are shorter than average during the storm main phases, but they are also the minority (only 6 % together) of the substorm phases during this storm phase. This suggests that a single substorm growth phase during a storm main phase is generally followed by a long cycle of repetitive substorm expansion and recovery phases, i.e. substorm intensifications. Substorm expansion and recovery phases are typically long-lasting during the storm main phases, and consequently, they occupy 63 % of all storm main phase time. The table includes 69 % of substorms identified during storm main phases. This num- ber is smaller than for other storm phases simply because the storm main phases have the shortest average duration, making it more likely that any associated substorm phase would not occur completely inside the storm phase.
Storm recovery phase substorms
The typical substorm phase values during storm recovery phases are listed in Table 5 . The substorm expansion and recovery, again, have a very similar nature in the strength. However, the substorm expansion phases last for much shorter periods. The total duration of recovery phases is clearly the most dominant. This is in agreement with the recent case study and emphasizes the importance of substorm recovery phases in dissipating the excess energy at the end of magnetic storms . Substorm growth phase durations are identical to the growth phase durations observed during storm main phases, but the growth phases comprise the smallest fraction of all storm recovery phases. The substorm phases that begin and end within a storm recovery phase include 86 % of all identified substorm phases in duration.
Non-storm time substorms
As a reference for the storm-time substorms, we also include the median values of the substorm phases during the nonstorm times (Table 6 ). In this case, the index values are comparable to the full set of substorms suggesting that most substorms occur during non-storm times. Apart from the slightly negative Dst, the index values are similar to those during storm initial phases (Table 3 ). The characteristic substorm phase durations are also in agreement with the corresponding durations during storm initial phases.
Substorm cycle structures
We further tracked the structure of the substorm phases by searching for a follow-up phase for each individual substorm growth phase. By definition, each growth phase is followed by an expansion phase, and each expansion phase is followed by a recovery phase. But after a recovery phase there can be another expansion and recovery phase and the number of repetitions of these is indeterminate. Events excluded from this examination either had no growth phase or ended in an expansion.
In the case of 7181 substorms (∼ 46 % of all ∼ 15 000 substorms), the phase cycle goes from growth to expansion and recovery, and ends there. These "textbook" substorm events occur throughout the whole data period (top panel of Fig. 5 ) being more common during solar minimum years (1996, (2006) (2007) (2008) (2009) . They are accompanied by index values that are about two thirds of the corresponding values for the full set of substorms (Table 1 ). The median durations for single-cycle substorm expansions and recovery phases are short (8 and 19 min, respectively) compared to the average of the full set or any storm phase. As another extreme, 5124 substorms (∼ 32 % of all substorms and including a total of 23 291 expansion phases) consist of two or more expansionrecovery cycles after the growth phase. The median auroral electrojet (AE/AL/AU) index values for this event set are ∼ 10 % higher as compared to the full event set ( Table 1) . The Dst median values and median phase durations are identical. Compared to the single-cycle substorms, the median index values during the multi-cycle events double.
Both the single-and multi-cycle substorms are present throughout the 15-year time period and even somewhat similarly distributed, as is shown in Fig. 5 .
The multi-cycle substorm occurrence follows slightly closer the variations in the daily sunspot number (red curve in the figure) showing minimum values in [1997] [1998] thermore, the substorms during the past deep minimum were dominated by less intense events (AL typically ∼ −80 nT), while during the most active years the event set consisted of a significant number of more intense substorms (AL typically ∼ −140 nT).
In total about 37 % of the single-cycle substorms and about 46 % of multi-cycle substorms take place during magnetic storms (initial, main or recovery phase). Comparing durations of the single and multi-cycle substorms phases during magnetic storm phases, we found that the recovery phase lengths vary the most. The values for median and total durations of single-cycle and multi-cycle substorm recovery phases for different states of storms are listed in Table 7 .
Single-cycle substorms during storms generally recover much faster than multi-cycle events. Both event groups are clearly most numerous during the non-storm time but the multi-cycle substorms occupy a fair duration during the Ann. Geophys., 31, 349-358, 2013 www.ann-geophys.net/31/349/2013/ storm main phases, while single-cycle substorms are very few during the storm main phases but clearly more common during storm recovery phases. The set of multi-cycle substorms allowed us to study the periodicity of substorm expansion phases (onsets) for each event. The relation between the period and the number of expansions is illustrated in Fig. 6 . Each asterisk in the figure corresponds to the median period within one multi-cycle substorm event and the number of expansions during that event.
The median value of the substorm expansion periods (red curve) is slightly less than one hour for the events including 2-5 expansion onsets, but increases by about 20 min (period of ∼ 1.3 h) for the longest substorm cycles. Although the deviation in the onset periods between different events is much larger for events with small numbers of expansions than for longer substorm cycles, the median and quartile values (red and green curves) remain rather constant.
Discussion
The substorm phases examined in this study mainly follow the definitions of earlier substorm studies. The expansion phase lasting for the lifetime of the fast decrease of AL index (also used by Juusola et al., 2011) results in shorter substorm expansion phases than what have been reported in some of the previous substorm studies (e.g. Chua et al., 2004; Hoffman et al., 2010) . Furthermore, our substorm phase identification routine has a median AL value (−50 nT) as a threshold for the end of a substorm instead of threshold values that are related to the minimum AL of each event. For instance, recovery of 80 % of the minimum value has determined the end of substorm events analysed by Partamies et al. (2011); Tanskanen (2009) . This makes the selection criteria used in this paper more sensitive for new substorm expansion phases in the middle of recovery phases. These are good things to keep in mind when comparing our results with earlier statistics.
The typical substorm phase durations found in this study were 31 min for the growth phase, 12 min for the expansion phase and 31 min for the recovery phase. These values sum up to an agreement (74 min) with the early substorm studies by Rostoker et al. (1987 Rostoker et al. ( , 1980 , who suggested that the lifetime of the full substorm event is 1-3 h. However, during storm-times the median duration of our substorm events appear even about 10 min shorter. A more recent study by Jayachandran and MacDougall (2007) examined 26 substorms whose average expansion phase duration (determined from the polar cap convection measurements) was 22.4 min, while geosynchronous orbit magnetic field measurements suggested an average expansion phase duration of 5.8 min.
The threshold value for substorms (AL < −50 nT) is constant in our study. However, the ionospheric conductivity is higher and electrojet indices reach higher values during the summer months. Unlike for identification of steady magnetospheric convection events (Partamies et al., 2009) , where this causes an artificial occurrence maximum, it probably results in an unrealistically even monthly distribution of substorms. Adjusting the AL index threshold value according to the statistical variation of it from month to month should be further tested in the future.
The median index values of the substorm phases are moderate or small as compared to the previous studies by e.g. Tanskanen et al. (2002) . This is due to the low threshold value of AL and its constant nature. A more typical threshold value for the substorm intensity in automated identification is 100 nT, as was used in a local electrojet index study by Tanskanen et al. (2005) . Worth noticing, however, is the fact that a local electrojet index has also been used in the study by Tanskanen et al. (2002) instead of the global AL index. For events which take place right in the time sector of interest, the local index records larger magnetic deflections.
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and recovery phase, where the input energy is efficiently dissipated and the magnetosphere returns to quiet. Tanskanen (2009) showed that the substorm duration increases during the declining phase of the solar cycle (towards 2003). In our event set the expansion phases shorten towards 2003 (Fig. 3) . The shorter expansion phases are compensated by the substorm recovery phases becoming more dominant in terms of their total duration during the years following the sunspot maximum.
According to our data set (Fig. 6) , the median period of the multi-cycle substorms is rather independent on the number of expansion and recovery phases during the event. The median value varies only slightly around one hour, which is much shorter than the typical recurrence rate of consecutive substorms of 2-3 h (Pulkkinen et al., 2007; Borovsky et al., 1993) . Our multi-cycle substorm period is also short compared to the periods found during sawtooth events. Cai and Clauer (2009) reported a mean value for sawtooth periods of about 3 h, with very few events with periods of the order of one hour. Periods of four sawtooth events analysed by Kubyshkina et al. (2008) varied considerably within one event (0.5-3.5 h). Their study showed a linear relationship between the period and the driving solar wind electric field for those few sample events. Thus, in terms of periodicity, the multi-cycle substorms have a shorter waiting time and less logical ordering.
We found no systematic onset period changes within substorm events, but the lengthening and shortening of the period within a single event seemed random. Typically the period varied by some tens of minutes during one event. The longest periods and cycles are at the limit of meaningfulness of the identification routine. The longest periods (longer than about 6 h) are events which a trained eye would split into several expansions and recoveries although the search criteria are just about not fulfilled. Respectively, the longest cycles take place during disturbed periods when the criterion for a new expansion is met more easily than what a trained observer would suggest. In these conditions, a full recovery is also challenging to find. Note that the disturbances do not need to be very intense but milder fluctuations in the index data are enough to keep the substorm cycle evolution going.
The variations in the durations of the substorm phases are large and highly dependent on the grouping of events according to the storm-activity. The shortest and longest median durations for substorm growth, expansion and recovery phase found in this study are 23 and 36 min, 9 and 23 min, 11 and 37 min, respectively. In this light, it is not surprising that the case studies found in the literature are so different from each other. In fact, the substorm phase lifetimes during different storm phases reported by Partamies et al. (2011) are much longer than the statistical values found in this study. The largest range of lifetimes is covered by the durations of substorm recovery phases, from 11 min of the single-cycle substorm recoveries during the storm main phases to the 37 min of the multi-cycle substorm recoveries during the storm recovery phases (Table 7 ). In addition, the substorm recovery phases occupy most of the total duration of all substorms. Considering the median index values, the substorm recovery phase is typically as intense as the expansion phase, and thus plays an important role in dissipating the storm energy, even when the role of the expansion phase is emphasised during storm-times. This is in agreement with the results of an event study by Partamies et al. (2011) . Yet, there are a lot of unanswered questions about substorm recovery phase processes.
This study has not considered the different modes of the magnetosphere, i.e. sawtooth events (e.g. Herderson et al., 2006) and steady magnetospheric convections (SMC, Sergeev et al., 1996; DeJong and Clauer, 2005) . Our analysis is based on automatic event identification in the AL index data where the loading-unloading processes (quiet-time and storm-time substorms as well as sawtooth events) look alike. A distinguished magnetospheric mode is SMC, which typically begins with a substorm and resembles a prolonged recovery phase of the substorm. Without visually inspecting and manually excluding these SMC related substorms we have introduced a bias towards lengthy substorm recovery phases. However, the annual number of SMC events in the previous studies (e.g. Partamies et al., 2009; O'Brien et al., 2002) has been of the order of hundred events, while the current statistics include over 3000 substorm recovery phases per year. Thus, we conclude that the bias of SMC recovery phases is marginal. Furthermore, the substorm expansion phase onsets used in this study has been compared to the list of onset identified from the IMAGE satellite data (Frey et al., 2006) . As has been demonstrated by Juusola et al. (2011) , these two onset times are in good agreement. Juusola et al. (2011) further showed that the substorms studied here are associated with earthward flows in the magnetotail.
Summary and conclusions
In this study, we have analysed 15 years of auroral electrojet and Dst index data from 1995-2009. An automatic selection routine identified 15 568 growth, 54 519 expansion and 53 551 recovery phases of substorms, and 480 initial, 1911 main and 1862 recovery phases of magnetic storms. Although there is no ground truth for the substorm and storm phase identification, these event numbers are statistically meaningful and complement the large number of event studies of storms and substorms found in the literature.
Our main findings can be summarised as:
-The majority of substorms occurs during non-storm times.
-In terms of intensity, substorms during non-storm times and storm initial phases are very similar.
-Median intensity values of substorm expansion and recovery phases are comparable.
-During storm initial phases and non-storm times the substorm growth typically goes on for longer than other substorm phases. Otherwise, the substorm recovery phase is the most dominant phase in terms of its total duration.
-Both storms and substorms loosely follow the sunspot activity cycle with a 1-2 year-time lag. The longest median durations of expansion and main phases were found during years close to solar minima.
-The shortest substorms are the single-cycle substorms which are only comprised of one growth, expansion and recovery phase.
-The occurrence of multi-cycle substorms is slightly more likely during storm-times than the occurrence of the single-cycle substorm events. Multi-cycle substorms have the longest substorm recovery phases.
-Very different onset period values (time separations of consecutive expansion onsets) were found during multi-cycle substorm events with only a few expansion phases. The spread decreases as the number of expansion phases increases. The median period value depends very little on the number of expansion onsets and has a value of about one hour.
